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INTRODUCTION

The lateral shielding for the 8-GeV booster and 200-GeV main ac -
celerator was designed with data available in early 1968. Here more
recent data and calculations are brought in for a more complete discus -
sion. The discussions presented here are intended to supplement those
in the Design Report. !

The expected beam losses were used to estimate the remanent ex-
posure rates. Then, one they were found to be tolerable, they were used
to estimate the thickness of the biological shield needed against accelerator -
related background. As in all NAL designs, the necessary quantities are
built in, No unnecessary safety factors are added. On the other hand,
all the designs are such that additional shielding may be added later on

for just the cost of the shielding material and its handling.

Data Available (In Early 1968) for Shielding Estimation

1. Remanent Exposure Rate as a Function of Beam Power Loss

at a Point. The relationship between remanent exposure rate given in
2

Ref., 1 may be compared with that calculated by R. G. Alsmiller for

the case of a line loss of protons on the axis of an iron cylinder.
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If we assume that radiation field intensities due to point and line
sources of radiation may be compared in a manner similar to electric

fields due to point and line electric charges, then we can write by anal -
ogy

E = Q/R®

I (R/hrat 1 foot) = 57P (kW)

-
E

2Q/R } point loss

I(R/hr at 1foot) =114 P (kW/ft)} line loss.

A point loss1 of (1/57) kW would correspond to an exposure rate of
1 R/hr at 1 ft. Using this analogy, a line loss of (1/114) kW/foot
would also produce a remanent field of 1 R/hr at 1 ft.

At 200 GeV, (1/114) kW/ft corresponds to a proton current of

9 ><'1()6 P cm_1 sec Using a conversion factor of 6 ><10-8 (Rem/hr)/
(p cm—1sec_1), we get an exposure rate of 0.54 Rem/h\r. The agree-
ment is indeed excellent. Within the applicability of these results, it
is clear that both the early measuremen’cs12 or the later calculationsz
are equally applicable.

Then, using Alsmiller's report, one may predict the expected

exposure rates at one ft from the magnets, one hour after beam turn-

off.
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Booster Main Accelerator
5 oL
Magnet length 2.775x10 4,699 x10° cm
Proton loss/cm -sec 5.4 x10° 3.2 x10 pcmsec
Magnet leg thickness 50 198 g/cm2
Exposure rate due to losses 1.9 2.5 mR/hr

during acceleration

These calculations are most conservative because they assume
that z_i_i__} the energy is lost at the maximum energy!

Note that the exposure rate given here for the booster is different
from that given previously. 3 The changes are due, mostly, to a re-
vision downward of the expected beam losses in the booster accelerator.

The booster activation is partly due to losses during the injection
of 200-MeV protons. The injection losses are expected4 to be about
20% of the injected 3.3 to 6.6 ><1013 p/sec, or 2.4 to 4.8 ><108 p/cm sec.
Using T. W. Armstrong's report, > this corresponds to 4.5 to 9.2 mR/hr.

Hence, the expected dose rates at the synchrotron, at 1 ft from
the magnets, 1 hr after beam turn-off, and an infinitely long irradiation

time become

Booster 6.5 - 11.0 mR/hr
Main Accelerator 2.5 mR/hr.

Even with the canonical ten-to-one variation from the mean, 6 the
remanent exposure rates will be tolerable without any additional local
shielding. Should the local exposure rates be untolerable, there are
two solutions: the contribution from the sodium activation of the wall

may be reduced, 7-9 and the neutron and gamma sources may be
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attenuated by the use of local steel shields around the "hot" points. The
radioactivation of the concrete of the accelerator enclosures is, in
general, unimportant. The low sodium content of the concrete used for
the booster enclosure (on the average about 0.2% by weight) makes the

4Na.—gamma -ray contribution small8 compared with the remanent ex-
posure rate component from the magnets, at one foot from the magnets
and one hour after beam turn-off.

Hence, having satisfied ourselves that the expected beam losses
are tolerable, from the point of view of accelerator maintenance, the
biological shielding was designed using, initially, the data available
from BNL. 10,11

2. Exposure Rate Outside a Thick Shield. From experience
gained at the BNL, AGS, it was expected that the biological shields
against neutrons would be about 16-18 ft thick of compacted backfill. 13
Hence, the approach used to estimate the thickness of shield needed was
that of developing a reasonable model to extrapolate for short distances
using the available data for neutron field intensity outside thick shields.
This approach has the great advantage that all the details of build-up,
spectral shapes, field composition, etc., could be neglected since we
would be extrapolating from a large thickness (x ~ 774 g/cm2 in the case

of the BNL. AGS).

Hence, we will discuss here part of the expression
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X,
(dDE/dt) (rem/hr) = P o /-z 'f,L ,

R® r L
where,

k = appropriate constant

P =beam loss (current Xenergy of protons hitting thick loss
point) in kW

x, =thickness of the i-th shielding material, g/cm2

Li = mean free path of the i-th shielding material, g/crn2

R = distance perpendicular to beam line, from beam line
to point of interest, in ft.

S (£) = superposition factor relating single -point losses to
multiple -point losses. This factor, a function of the
separation £ between loss points, will be discussed
later.

Values Used for Li
Densit Mean Free Path From
Material g/cm Used (g/ cm?) Bellettini
Steel 7.86 165 120
Heavy concrete 3.80 132 1072
Soil, 15% HZO 2.08 120 96

/L = 2[1/L(Fe) + 1/1L. (A1) ], assuming equal parts by weight of Fe and
Al
. . 3
For the booster; for the main accelerator, density = 1.92 to 2,08 g/cm™.
©Assumed to be aluminum with density equal to soil.
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In the formula for (dDE/dt), the most difficult single parameter to

obtain was 'k." Several sources and just as many values were found:

RHELiz 19 ><1o4 (Rem/hr) (ftz/kW)
(later revision) RHEL 12 x 104
zgst? 16 x 104
BN 10 7.4%x10%
CERN-LRL-RHEL14 1.8 x40
NAL 12 x10%.

The value adopted by NAL (February 26, 1969) was a very con-
servative one (the RHEL value). The RHEL data were used in prefer-
ence to that of the other references because the k value was calculated
using '"point'" targets in the external proton beams.

3. Point Loss: DE Distribution in Space. The distribution of
dose due to proton interactions at a point outside a thick shield is of
prime importance for shielding-thickness estimates when the sources
are in close proximity, as they would be if, for safety's sake, we as-
sume the possibility of two equal-strength losses in two successive mag-
nets.

It has been shown that more than three-fourths of the energy of a
lost high-energy proton takes place in a manner essentially independent
of the betatron wavelength of the synchrotron and the dimension of the
magnet aperture (see, for example, Refs. 6 and 18). Hence, it is
possible to use the distribution of dose as a function of distance from

10

14
the point where the loss takes place as measured at BNL.  or CERN.

These two distributions are essentially equal. In the CERN paper it is
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shown that the dose distribution varies slowly as a function of distance
from the beam line. At NAL, the distribution was assumed to be inde-
pendent of distance and the distribution at 5.27 m of Ref. 14 was used.

The form of the dose distribution at this thickness is approximately

given by

Y(Z) = 6.59 ><1O-3 {exp (-Z/A) +C (+2/B)} —1,

where
A =5,563 ft
B =22.11 ft
C =1.00%107>

Z is measured in feet.

This Y(Z) has a maximum at Z' = 36.83 ft, where Y(Z') = 1. A
plot of Y(Z) is given in Ref. 1. (Note that the formula for Y(Z) in Ref. 1
is wrong. The above formulation is correct. )

4. Distribution of Point Losses. The proton losses may be clas-
sified in two groups:

| (i) Beam scrapers, extraction septa and abort system

(ii) Inelastic scattering against remanent gas and protons missing
the scrapers and hitting some vacuum-chamber wall.

The losses of type (i) become undistinguishable from those of (ii)

after one takes proper account of local shielding inside the accelerator

enclosure.
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All losses in an accelerator are basically point losses. The use
of continuous ('line') losses for shielding calculations for an accelerator
is conceptually wrong and acceptable only as an expedient to permit
easier mathematical formulations. Needless to say, such calculations
may be very informative.

The model used at NAL to calculate the "strength" of the beam
losses is

4.1 Total beam power loss of type (ii) = 0.1% of the synchrotron
design beam power (480 kW @ 200 GeV, 19.2 kW @ 8 GeV)

4,2 This power is uniformly lost over all the synchrotron magnets

4.3 All losses occur at the same place in each magnet

4.4 Some losses are ten times greater than the average, and it is
necessary to shield against these larger losses

4.5 Several of the losses may occur in successive magnets so that
a superposition coefficient, S(£), must be calculated.

The superposition function SF(Z) is calculated by summing over the
contributions of many upstream and downstream distributions.

The resulting function SF(Z) has a periodicity, £, the mean dis-
tance between corresponding points in the magnets. Finally, S(£) is the
maximum of SF(Z).

S(2) was calcuiated by computing SF(Z) for a superposition of
13 Y(Z)-functions evaluated thirty times between loss points and scanning

by eye for a maximum value.



-9- TM-241
1000.2

SF(Z) is found to vary less than +1% from the beam between
loss points, both in the case of the booster and the main accelerator.
Hence, S({) is indeed a function of the mean distance between corres-

ponding points of successive magnets.

Booster Main Accelerator
S{) 4.20 2.04

5. Dose Rate on Top of Berm. As an exercise in the use of the
(dDE/dt) formula, we may calculate the expected exposure rate on top

of the berm of the two synchrotrons in quiet areas.

Booster Main Accelerator
Nominal power 19.2 480 kw
General losses 1.92 E-2 0.48 kW
Number of magnets 96 954
Power loss/point 0.20 E-3 0.50 E-3 kW
Concrete + goil shield 926 996 g/cm2
Steel 100 120 g/lcm
Distance to pt 1 it above berm 19 23 ft
(dDE/dt) 9.0 E-5 3.7 E-5 rem/hr
Canonical variation (x 10) 9.0 E-4 3.7E-4 rem/hr
final (dDE/dt) 1 0.4 mrem/hr

Hence, the shielding thicknesses are more than adequate. One
must remember that the removal mean free paths have been taken
quite conservatively and they effectively contain a safety factor of ten.

6. Penetrations. All the penetrations for either personnel,
vehicles, or utilities were calc;llated with the aid of the program
ZEUS ALB. 5by P. Gollon and R. A. Carrigan, Jr. 19 They offer a

-7
neutron dose attenuation of 5X10 = or greater.
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7. Muon Shielding. It is shown elsewherezo that for 200-GeV
muons, 17 feet of soil give an attenuation for the muon flux equivalent
to 10_14 muon/ cm2 per interacting proton. In practice, this means
that the muon flux on top of the main-accelerator berm Wiil be less
than 7x10 % muon cm 2 sec L. The presence of the magnets will
depress this flux even more.

8. Final Determination of the Lateral and Top Shielding Thick-
nesses. From the figures given in Sections 5 and 7, it would seem that
we have diéregarded our own policy of not over designing, over build-
ing, over shielding. In practice, the over shielding of the main-
accelerator enclosure was the happy coincidence of two other factors:

1. In order to avoid excessive vertical motion of the main-
accelerator enclosure, the loading of the soil ought to be the same be-
fore and after the enclosure and magnets are put in place

2. The most economic way to achieve this loading and didpose
of the soil already dug out is by piling on top of the enclosure the soil
previously excavated. When this is done, the present biological shield
materializes.

This is a case in which it was cheaper to overshield than to shield

just adequately.
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